Dipolar truncation prevents accurate measurement of long-range internuclear distances between nuclei of the same spin species, e.g., within 13 C-13 C spin pairs in uniformly 13 C-isotope-labeled proteins, using magic-angle spinning solid-state NMR spectroscopy. Accordingly, one of the richest sources of accurate structure information is at present not exploited fully, leaving the bulk part of the experimentally derived structural constraints to less accurate long-range 13 C-13 C dipolar couplings estimated from methods based on spin diffusion through proton spins in the close environment. In this paper, we extend our previous triple-oscillating field technique ͓N. Khaneja and N. C. Nielsen, J. Chem. Phys. 128, 015103 ͑2008͔͒ for dipolar recoupling without dipolar truncation in homonuclear spin systems to a more advanced rf modulation with four independent oscillations and rotations involving nonorthogonal axes. This provides important new degrees of freedom, which are used to improve the scaling factor of the recoupled dipole-dipole couplings by a factor of 2.5 relative to the triple-oscillating field approach. This significant improvement, obtained by refocusing of otherwise defocused parts of the residual dipolar coupling Hamiltonian, may be exploited to measure much weaker 13 C-13 C dipolar couplings ͑and thereby longer distances͒ with much higher accuracy. We present a detailed theoretical description of multiple-field oscillating recoupling experiments, along with numerical simulations and experimental results on U -13 C, 15 N-L-threonine and U -13 C, 15 N-ubiquitin.
I. INTRODUCTION
In the past few years it has been demonstrated that solidstate NMR spectroscopy is capable of producing atomicresolution structures of solid protein samples. [1] [2] [3] [4] [5] [6] This has opened important new possibilities for structural analysis of water-insoluble proteins-such as membrane proteins 7 and protein fibrils [8] [9] [10] [11] -which in many cases cannot be obtained by alternative means. The vast majority of the underlying experiments is based on a combination of magic-angle spinning ͑MAS͒ and dipolar recoupling. 12 These techniques reintroduce dipole-dipole coupling interactions under highresolution MAS conditions. The recoupled dipolar interactions may be used for coherence transfer in multidimensional NMR experiments to generate high-resolution spectra for resonance assignment or for measurement of internuclear distances and torsion angles. Solid-state NMR structure determination in uniformly ͑or extensively͒ 13 C, 15 N-labeled proteins relies on establishment of as many distance constraints as possible with a significant proportion of long-range constraints. 1, 6 For the abundant and important 13 C- 13 C distances, this objective has been reached using pulse techniques relying directly or indirectly on spin diffusion between protons. 13 In this manner, it is possible to establish important distance constraints between close and distant spins, although the diffusion process involving interactions through many spins prevents accurate assessment of the internuclear distances. As debated intensively over the past couple of decades, one of the most obvious sources of structural informationdipolar interactions between nuclei of the same spin species ͑e.g. 13 C- 13 C͒-has largely not been exploited because of the so-called dipolar truncation problem. 12, [14] [15] [16] Dipolar truncation is observed for noncommuting dipolar coupling interactions for different spin pairs sharing a common spin. In such cases the strong dipolar interaction between a spin and a close neighbor spin will truncate ͑i.e., "average" or "partially average"͒ the weaker dipolar coupling interaction between the same spin and a more distant partner. With all carbons in uniformly 13 C-labeled proteins having close 13 C neighbors, practically all long-range 13 C-13 C couplings will suffer from truncation ͑or partial averaging͒ with the consequence of loss of the vast majority of structurally important long-range distance constraints. A number of approaches have been proposed to circumvent the problem of dipolar truncation in homonuclear dipolar recoupling experiments. These include special isotope labeling strategies, 1, 17 bandselective recoupling, 15, 16, [18] [19] [20] [21] [22] [23] or third-spin assisted dipolar recoupling. 24 The remaining challenges in these approaches include the lack of accurate distance constraints ͑notably when additionally spins are involved͒, disturbing influence from relaxation, the need for replicating the experiments many times for different isotope labeling patterns or using experiments with different setting of "selectivity-inducing" pulse sequence parameters. Recently, taking inspiration from heteronuclear dipolar recoupling experiments, efforts have been devoted to design homonuclear dipolar recoupling experiments in which the dipole-dipole couplings are recoupled while simultaneously maintaining a part of the isotropic or anisotropic chemical shift interactions to truncate the nonsecular terms of the Hamiltonian. [25] [26] [27] [28] As demonstrated by Khaneja and Nielsen, 27 this may be obtained efficiently using a tripleoscillating field ͑TOFU͒ technique which maintains a 1 / r 3 distance dependency and can be performed for nondeuterated samples. The dipolar interactions are recoupled in a modulation frame composed of a sequence of three rotating frames. In this paper, we extend the principle of triple-oscillating fields to a four-oscillating field ͑FOLD͒ technique where the rf field consists of an additional modulation such that the modulation frame in which recoupling is obtained now consists of a sequence of four rotating frames chosen to recouple dipolar interactions with higher efficiency and maintain first order contributions from isotropic chemical shifts. The maintained residual shift terms truncate the planar parts of the recoupled dipole-dipole coupling interactions, leaving the dipolar interactions in the form of Ising operators ͑i.e., 2I iz I jz ͒. Such operators commute for all spin pairs, thereby eliminating dipolar truncation effects and establishing a solid basis for very accurate distance measurements between homonuclear spins in uniformly isotope-labeled biomolecules.
The paper is organized as follows: Sec. II contains a description of the basic principles of recoupling in multiple rotating frames using average Hamiltonian theory. 29 We address primary attention to the flexibility of TOFU and extension of the technique to FOLD techniques. FOLD recouples the dipole-dipole interactions with a 2.5 times larger scaling factor than the original TOFU experiment and opens for the possibility of measuring longer distances. In subsequent sections, we demonstrate the capability of FOLD by measuring accurate internuclear distances in a uniformly 13 C, 15 N-labeled sample of L-threonine and demonstrate its use for determination of longer range couplings in a fully 13 C, 15 N-labeled sample of ubiquitin.
II. THEORY
Within the high-field approximation and under conditions of MAS, the nuclear spin Hamiltonian for two dipoledipole coupled homonuclear spins I and S may be written as
where the two first terms include isotropic/anisotropic chemical shifts for the two spins while the third term denotes the dipole-dipole coupling interaction. In the case of rotating samples, the angular frequencies for the various interactions may conveniently be expressed through a Fourier series,
where r is the sample spinning frequency in angular units and is a signature of the specific interaction ͑i.e., chemical shift or dipole-dipole coupling͒. The Fourier coefficients reflect the magnitude and orientation of the spatial part of the interaction tensor. Details on the Fourier coefficients can be found in Ref. 30 .
A. The triple-oscillating-field technique
With the aim of recoupling the dipole-dipole coupling interaction while maintaining strong contributions from the isotropic chemical shift terms to truncate nonsecular terms in the dipolar coupling Hamiltonian, the pioneering TOFU technique ͑Ref. 27͒ experiment uses a rotor synchronized, time-dependent rf Hamiltonian of the general form
with the short-hand notations c x = cos͑x͒, s x = sin͑x͒, and F q = I q + S q ͑q = x , y , z͒. By appropriate choice of amplitude, phase, and offset, the rf field can be written as
The effect of the rf irradiation can be appreciated by transforming stepwise into the interaction frame of the rf field, invoked first by a −Ct rotation about the x-axis, followed by a −Ct rotation about the y-axis, and finally by a −Bt rotation about the z-axis. The rf Hamiltonian after the first two transformations takes the form 
͑10͒
In combination, these equations illustrate the idea of the TOFU experiment. Using the identities c x 2 = 1 2 ͑1+c 2x ͒ and s x 2 = 1 2 ͑1−c 2x ͒, it is seen that the two first terms in Eq. ͑9͒ contain a static component while all three terms contain a component modulating with frequency 2C. In the classical HORROR experiment, 31 the modulation of the m = Ϯ 1 Fourier components of the dipolar coupling interaction by MAS ͓cf. Eq. ͑2͔͒ is demodulated ͑i.e., made time independent͒ by adjusting the amplitude of the rf field to C = r / 2. This provides dipolar recoupling, but is not sufficient for maintaining the chemical shift terms which in our present experiments are required to avoid dipolar truncation. From Eq. ͑7͒, it is seen that the chemical shift terms modulate at frequency C and are lost through averaging. To maintain stationary isotropic chemical shift terms, we need the second orthogonal transformation which according to Eq. ͑8͒ provides a c Ct 2 = 1 2 ͑1+c 2Ct ͒ modulation of the shift terms. By adjusting the rf field strength C to r / 4, the longitudinal and transverse terms modulating with frequencies C and 2C ͑from anisotropic shielding and heteronuclear dipole-dipole coupling͒ are not recoupled. Under this condition, however, the first dipolar coupling term, c Ct 4 I z S z , in Eq. ͑10͒ is recoupled as it has a modulation with frequency r through the last term in In addition, the I x S x and I z S x + I x S z terms in Eq. ͑10͒ are recoupled. However, the latter of these terms is averaged by a subsequent transformation into the interaction frame of the residual external Hamiltonian BF z , while the former is averaged to ͑I x S x + I y S y ͒ / 2. This planar term is left for subsequent averaging by the static component of the differential isotropic chemical shift operator.
To sum up, it can now be seen that upon transformation into the interaction frame of the rf field with B substantially larger than r ͑vide infra͒ and averaging to first order over a period of 4t r =8 / r the full internal Hamiltonian takes the form
͑12͒
with IS
where b IS is related to the internuclear distance r IS and the gyromagnetic ratios ␥ I and ␥ S as b IS =−͑ 0 / 4͒͑␥ I ␥ S / r IS 3 ͒, ␥ is the phase of rotation of the internuclear vector around the rotor axis, and ␤ is the Euler angle between the internuclear vector and the rotor axis. 30 The differential part of the residual chemical shift operator, given by
will truncate the planar parts of the Hamiltonian in Eq. ͑12͒, provided the scaled chemical shift difference is larger than the residual ͑scaled͒ dipole-dipole coupling.
B. Multiple-axis oscillations for improved dipolar recoupling
From the derivation above, it is evident that demodulation using the combination of rotor synchronized x-and y-phase rf rotations only leaves a very small fraction of the dipolar coupling Hamiltonian for practical use. The residual term is very small as the only contribution to the recoupled 1. ͑Color͒ Graphical illustration of the effect of stepwise transforming the description of ͓͑a͒-͑c͔͒ TOFU and ͓͑d͒-͑g͔͒ FOLD͑XZYZ͒ elements into the interaction frame of the rf field, respectively. ͑a͒ The full TOFU rf field. ͑b͒ and ͑c͒ The TOFU rf field as in Eqs. ͑5͒ and ͑6͒, respectively. ͑d͒ The full FOLD͑XZYZ͒ rf field. The FOLD͑XZYZ͒ rf field after a transformation of a −Ct rotation about the ͑e͒ x-axis, followed by a −Ct rotation about the ͑f͒ z-axis, and succeeded by a −Ct rotation about the ͑g͒ y-axis. To keep the graphics within reasonable space, ͓͑a͒-͑c͔͒ the TOFU field used C = r and B =2 r , and the ͓͑d͒-͑g͔͒ FOLD͑XZYZ͒ field used C = B = r . These values are not the recommendable values for practical experiments ͑see text͒.
Hamiltonian comes from the first term in Eqs. ͑9͒ and ͑10͒. Following the same line of decomposing the effect of the rf field as in the TOFU case, we transform stepwise the description into the interaction frame of the rf field, invoked by a −Ct rotation about the x-axis, followed by a −Ct rotation about the z-axis, succeeded by a −Ct rotation about the y-axis, and finally by a −Bt rotation about the z-axis. The full FOLD͑XZYZ͒ rf field, first-, second-, and third-step interaction representations of the field are illustrated in Figs. 1͑d͒-1͑g͒, respectively. The effects of the first three transformations on the chemical shift and longitudinal dipolar coupling terms are given by 
where Eq. ͑13͒ has been used. The very large improvement in the dipolar scaling factor comes from a part of the refocused dipolar coupling Hamiltonian which demodulates the sample spinning through the fourth order Fourier component of the s Ct 6 term in Eq. ͑21͒. As for TOFU, the recoupled parts of the planar terms are only partly averaged by the BF z transformation, and averaging relies on truncation through the differential isotropic chemical shift term.
C. TOFU with nonorthogonal rotations
Our exploration of the flexibility of multiple-oscillating field techniques also involves investigation of the use of nonorthogonal rotations, different rf amplitudes, and other combinations of rotation axes than illustrated above. For this purpose, it proves more convenient to use the transparent rotation properties of irreducible tensor operators 32, 33 to transform between the various interaction frames, where
Without loss of generality, we assume that the amplitudes of the static rf terms associated with horizontal modulations are positive ͑see Appendix B͒. In addition, we restrict ourselves to positive amplitudes for static rf terms associated with longitudinal modulations. We note that 1 can be set to zero for our results to leading order.
As stated previously, we want the differential isotropic chemical shift operator to truncate the planar terms in the recoupled dipole-dipole interaction. Accordingly, we first address the transformation of the chemical shift terms by moving stepwise into the rf field interaction frame. In the recoupling frame, the time modulation of the chemical shift spin part arising from the rf field is
where we formulated a rotation of ␤ about an axis in the x-y plane defined by an angle of j with respect to the x-axis as R͑ js , ␤ ,− js ͒ with js = j − ͑ / 2͒. Assuming that the rotation around F z is sufficiently fast to remove all the nonsecular r = Ϯ 1 terms upon first order averaging, we focus on the r = 0 component when transforming the description into the interaction frame of the residual external Hamiltonian BF z ,
The pulse sequence is rotor synchronized if we set t c
The value of B is chosen according to the coarse selection rule described in Sec. II E. Upon averaging over the period t c , the isotropic ͑i.e., m =0͒ coefficient for the secular part of the I-spin chemical shift Hamiltonian becomes ͑and similar for spin S͒
ͮ ͑28͒
We see that C and D should be equal to enable a differential isotropic chemical shift operator. Individual calculations have to be carried out for the anisotropic coefficients of the secular chemical shift spin part for specific values of C and D.
Under the conditions of C = D, the rf time modulation of the dipole-dipole coupling tensor, ͱ 6T 2,0 , in the modulation frame is
͑29͒
The average coupling between spin I and S can then be found from 
The c 4Ct modulation, on the other hand, demodulates the m = Ϯ 1 Fourier components of the sample spinning. We then calculate
͑32͒
Recalling Eq. ͑13͒, we end up with
Coefficients for the chemical shift and the dipole-dipole interaction averaged over a period of 4t r are illustrated graphically in Fig. 2͑a͒ as function of 1 − 2 . The isotropic chemical shift functionalities, IS ͑1͒ , and c ␥ are set to unity for simplicity. It is evident from Fig. 2͑a͒ that a reasonable compromise between a large isotropic chemical shift ͑for truncation of planar dipolar coupling terms͒ and an acceptable scaling of the residual dipole-dipole coupling may be obtained for ͉ 1 − 2 ͉ = / 2 as proposed in the original TOFU experiment. 27 It is interesting to note, however, that the scal-ing factor for the recoupled dipole-dipole coupling can be increased significantly at the expense of the isotropic chemical shift and vice versa. This property may prove useful when setting up experiments for measurement of distances between aliphatic carbons where the differences in isotropic chemical shifts are small. In that case the differential angle should be increased. In the opposite case, where the isotropic chemical shift is large, an improved dipolar scaling factor ͑and thereby increased potential for measuring longer distances͒ is obtained by decreasing the differential angle.
D. FOLD with variable angles
The flexibility of modulation and demodulation for truncation-free dipolar recoupling may be increased by extending the TOFU experiment with more rotations leading to the concept of "multiple-oscillating field recoupling" ͑MORE͒ as first addressed by the FOLD͑XZYZ͒ experiment above. Obviously, increasing the number of rotations also increases the degrees of freedom with respect to selection of the orientation of rotation axes and demodulation frequencies. We will not give a full account on all possibilities but restrict to illustrate some of the flexibility of MORE experiments with the aim of establishing conditions for adjusting the isotropic chemical shift and dipole-dipole coupling scaling factors.
FOLD with z-rotation: FOLD z
Introducing an extra modulation in the form of a z rotation compared to TOFU, it makes sense only to insert the additional rotation in between the two horizontal interaction frames, iEtF z e iCtF 1 .
͑34͒
To leave the calculations simple, we let C = D = E. Furthermore, we will as usual assume that the averaging amplitude B is sufficiently large to ensure averaging of nonsecular T j,r , r 0 terms to first order. In the interaction frame of the rf field, the rf modulation of the longitudinal chemical shift term is
C is set to r / 4 to reduce the influence of chemical shift anisotropy. Over a period of 4t r , we end up with a scaling of 1/2 for the isotropic chemical shift, vanishing anisotropic chemical shift coefficients, and the following coefficient for the dipolar coupling operator,
͑36͒
The calculation of the average coupling coefficient is conducted as described in Sec. II C. The proportionality of the coefficient of ͱ 6T 2,0 IS to c ␥ and/or s ␥ renders FOLD z amenable to rotor assisted dipolar refocusing ͑RADAR͒ to avoid fast dephasing due to coupling to neighboring spins as described previously in context of the TOFU experiment. 27 From our analysis of the TOFU and FOLD z experiments, using C = D = E = r / 4 and ͉ 1 − 2 ͉ = / 2, it is straightforward to calculate the scaling factors of the recoupled dipolar coupling interactions
and we get consistency with the less general analysis in Sec. II B.
FOLD with horizontal rotation: FOLD hori
Extension of TOFU with a horizontal rotation may be expressed in terms of the rf field 
As a big residual, isotropic chemical shift is desirable, we set ͉ 2 Ј͉ = / 2 which leads to
and a recoupled dipole-dipole interaction strength of
The calculations of the average coupling coefficient follow the outline described in Sec. II C. By setting 3 Ј= , we get the same dipolar scaling as in the z-extension case. We can also get a slightly higher dipole-dipole interaction strength, but with the price of a slight reduction in the maintained isotropic chemical shift scaling. The flexibility is illustrated graphically in Fig. 2͑b͒ showing the normalized isotropic chemical shift as well as the dipole-dipole coupling strength in units of FOLD = 15 
IS
͑1͒ c ␥ as a function of 3 Ј.
E. Averaging of nonsecular terms
Prevention of dipolar truncation relies on averaging of nonsecular terms when transforming the description from the recoupling frame into the last longitudinal interaction frame.
Appropriate averaging may be ensured following a coarse rule for the value of B compared to the set of amplitudes
where we maintain our restriction to positive amplitude transformations. This rule is not the only way to ensure averaging of nonsecular terms in the effective spin Hamiltonian in an average Hamiltonian analysis to first order, but a safe guideline. A more detailed analysis, still considering purely horizontal and longitudinal interaction frames, provides more insight.
Analytical description
Moving into an interaction frame of a static Hamiltonian CF z , the irreducible operator T j,q gains a phase oscillation e iqCt according to Eq. ͑24͒. Hereby, we get maximum oscillations, e ϮijCt , for T jϮj , respectively. Moving into an interaction frame of a static Hamiltonian CF , we get
The oscillations can be examined by having a closer look at Wigner's formula 34 for d m Ј ,m ͑j͒ ͑␤͒:
where we take the sum over k whenever none of the arguments of factorials in the denominator are negative. Using Euler's identities, the binomial theorem, ͑x + y͒
and setting p =2k − m + mЈ, the part of the right hand side in Eq. ͑46͒ involving ␤ can be rewritten as
By examination of Eq. ͑47͒, we find 2j + 1 different phases ranging from e ij␤ to e −ij␤ in steps of e −i␤ ͑these calculations are shown more explicitly in Appendix C͒. This implies that transforming the description into an interaction frame of a static Hamiltonian CF , the maximum oscillations are proportional to e ϮijCt for an irreducible tensor of rank j. In the following we need only to consider the relevant irreducible tensors of highest rank, i.e., tensors of rank 2. 33 Upon averaging ͑transforming into the interaction frame of the residual
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external Hamiltonian͒, the components T 2,Ϯ2 / T 2,Ϯ1 attain extra phase oscillations of e Ϯ2iBt / e ϮiBt . In the light of the coarse rule, the T 2,͉1͉ -components are the candidates for having the slowest combined oscillations, rendering T 2,1 the object for further analysis. We know the coefficients should be zero to first order upon averaging over a period of nt r , n N / ͕0͖. Furthermore, we assume C l = k l r / n, k l N / ͕0͖ and B = l b r / n, l b N / ͕0͖ to ensure that the rf field is periodic and cyclic over the above-mentioned period ͑see Appendix A for details͒. The slowest combined oscillation obtainable after having transformed the description into the rf interaction frame is proportional to e i͑B−2͚ l C l ͒t = e ix/n r t , ͑48͒
The inequality for x is in accordance with Eq. ͑44͒. Averaging of the terms in Eq. ͑48͒ to first order lead to 
Supplementary conditions
In connection to our analytical description of averaging of nonsecular terms in the effective Hamiltonian, it is relevant to address also the truncation of transverse chemical shift terms and the convergence of the Magnus expansion as earlier addressed in relation to TOFU. 27 Applying the full set of conditions to FOLD for C = D = E, the following inequalities should be fulfilled ͉B Ϯ 3C͉ ӷ ͉ I ͑0͒ ͉, ͉B Ϯ ͑3C + r ͉͒ ӷ ͉ I ͑Ϯ1͒ ͉, and ͉B Ϯ ͑3C +2 r ͉͒ ӷ ͉ I ͑Ϯ2͒ ͉. Under these conditions, truncation of parts of the dipolar interactions that do not commute with BF z should also be ensured. On a 700 MHz ͑Larmor frequency for 1 H͒ spectrometer and for r / ͑2͒ = 16 667 Hz sample spinning, we can get a feeling of magnitudes by letting ͉ I ͑0͒ ͉ϳ100 ppm, ͉ I ͑Ϯ1,Ϯ2͒ ͉ ϳ 80 ppm. The inequalities are fulfilled to a certain extend if we for instance choose C = r / 4 and B =4 r .
To first order, our present experiments rely on truncation of the planar terms of the recoupled ͱ 6T 2,0 IS dipolar interaction by the corresponding operator of the chemical shift difference. Considering a typical 13 C-13 C neighboring distance of 1.5 Å, ͑b IS / ͑2͒Ϸ−2250 Hz͒, the maximum strength of the dipole-dipole interaction recoupled by FOLD z for C = D = E = r / 4 and ͉ 1 − 2 ͉ = / 2 is 373 Hz, which sizewise may be equivalent to a 2.1 ppm chemical shift difference for 13 C using a 700 MHz ͑Larmor frequency for 1 H͒ spectrometer. Referring to Eq. ͑14͒, an isotropic chemical shift difference of more than approximately 8.4 ppm is needed in order to exceed the maximum strength of the dipole-dipole interaction recoupled by FOLD z under these experimental conditions.
III. SIMULATION AND EXPERIMENTAL DETAILS
Following a thorough description of the FOLD͑XZYZ͒ recoupling element, its merits relative to its predecessor TOFU, and insight into suitable conditions for appropriate truncation of nonsecular parts of the dipole-dipole coupling interaction to provide truncation-free dipolar recoupling, we will in this section analyze practical implementations of the method. Provided with a specific element, we henceforth designate FOLD͑XZYZ͒ by FOLD. In accordance with the original setup of the TOFU experiment, 27 we combine FOLD dipolar recoupling with the RADAR anisotropic interaction refocusing method to reduce dephasing of magnetization due to undesirable dipolar coupling interactions. The implementation presented here in form of the set of pulse sequences in Fig. 3 , however, uses fewer pulses and is more stringent with respect to timing of the two involved pulse sequences as compared to our original TOFU scheme. 27 The main experiment, shown in Fig. 3͑a͒ , contains two pairs of FOLD recoupling elements separated by a nonselective -pulse to ensure refocusing of effects from chemical shielding. By applying a RADAR element, 27 i.e., shifting the starting time point of the second FOLD element by half a rotor period with respect to the starting time point of the first within a pair, all anisotropic interactions are refocused over the full period of the pulse sequence. In the main experiment, this refocusing is partly broken by inserting a couple of selective pulses ͑extending over an integral number of rotor periods͒ which act selectively on the type of nuclei to which we want to measure internuclear distances. In the case of 13 C NMR of proteins, the selective refocusing pulses may, for example, be applied to all carbonyl spins. The net effect is that all dipolar couplings involving the spins inverted by the selective pulses survive while all other couplings are refocused. When applying this sequence to a state with transverse magnetization on all carbon spins, all spins will dephase with a rate depending on the size of the dipolar coupling to the selectively inverted spins, e.g., the carbonyl spins. In order to eliminate the effects of J couplings and transverse relaxation, we compare the dephasing of the main experiment with that observed using a reference experiment ͓Fig. 3͑b͔͒ differing only from the main experiment by the lack of selective refocusing pulses in the present, streamlined setup. The difference between the signal amplitudes in the two experiments provides Fresnel-type curves, from which the dipolar coupling ͑and thereby the internuclear distance͒ may readily be extracted through comparison with ideal, simulated Fresnel curves as described previously.
27

A. Simulation details
All numerical simulations were accomplished using the open-source SIMPSON ͑Refs. 30 and 35-38͒ software. Representative 13 C chemical shielding and dipolar coupling tensors were established from previous structures ͑vide infra͒ using the open-source software SIMMOL. 39 The simulations used REPULSION 40 powder averaging with 144 ␣ CR , ␤ CR crystallite angles, 15 ␥ CR angles, and a 5% Lorentzian rf inhomogeneity profile. The proton Larmor frequency was set to 700 MHz, the MAS frequency to r / ͑2͒ = 16 667 Hz, and the carrier frequency to 100 ppm relative to tetramethylsilane ͑TMS͒, except during the selective pulses in the main experiments and the corresponding free evolution periods in the reference experiments where the carrier was placed at the carbonyl 13 C resonance frequency. Perfect heteronuclear decoupling was assumed in all simulations.
B. Experimental details
All experiments were performed on a Bruker 700 Avance II NMR spectrometer ͑ 1 H Larmor frequency 700 MHz͒, using a standard Bruker 2.5 mm triple resonance probe operating in double-resonance mode, with r / ͑2͒ = 16 667 Hz and 4 s relaxation delay. The data for uniformly 13 C, 15 N-labeled L-threonine ͑Cambridge Isotope Laboratories, MA͒ were obtained at ambient temperature using four scans per experiment, 0.8 ms 1 H to 13 C ramped CP with rf field strengths of 44 kHz ͑on average͒ for 1 H and 60 kHz for 13 C, and 80 kHz for the nonselective 13 C refocusing pulse. The data for uniformly 13 C, 15 N-labeled ubiquitin was obtained at ϳ0°using 1760 scans per experiment, 0.25 ms 1 H to 13 C ramped CP with rf field strengths of 44 kHz ͑on average͒ for 1 H and 60 kHz for 13 C, and 120 kHz for the nonselective 13 C refocusing pulse. During the FOLD periods, cw decoupling with a rf field strength of 150 kHz was used, while SPINAL-64 decoupling 41 with a rf field strength of 75 kHz was applied during acquisition. Selective inversion of the 13 CЈ spins was accomplished using a y-phase Gaussian pulse of 235 s duration-slightly less than four rotor periods-with a maximum amplitude of 6.8 kHz. During the experiment the carrier was placed at 100 ppm relative to TMS, except during the selective pulses in the main experiments and during the corresponding free evolution periods in the reference experiments where the carrier was shifted to the 13 CЈ-region. Dipolar dephasing was measured by incrementing all FOLD building blocks in steps of 4t r in terms of the overall time variable T = N16t r ͑see scaffolds in Fig. 3͒ . Small variations in the phase of the signal were observed for increasing T and these were corrected manually by invoking a zeroth order phase shift to each subspectrum. Baseline correction using a polynomial of degree five was also applied to each subspectrum prior to extracting data.
IV. RESULTS
A. Numerical simulations
With the aim of exploring the ability of the FOLD experiments in Fig. 3 for accurate measurement of internuclear distances in uniformly 13 C-labeled spin systems, we conducted a series of numerical simulations for 13 C spin systems in L-alanine, L-threonine, and isoleucine ͑residue 13͒ in ubiquitin. The simulations assumed MAS with 16667 Hz sample spinning frequency, appropriate powder averaging ͑see Sec. III A vide supra͒, and selective pulses implemented in the form of optimized y-phase Gaussian pulses of 240 s duration each ͑i.e., four rotor periods͒ with the carrier frequency adjusted to the 13 CЈ resonance. Through numerical simulations, we verified that the effect of the selective pulse on aliphatic carbons were negligible. The FOLD elements were implemented as illustrated in Fig. 4 with digitization of the rf irradiation in 200 steps for each 4t r period using the parameters 1 =0, 2 = / 2, C = D = E = r / 4, and B =4 r with reference to Eq. ͑34͒. The offset was converted into an instantaneous phase using ͑t͒ − ͐ 0 t ͑tЈ͒dtЈ ͑we refer to Appendix D for a more detailed discussion on this conversion͒. Figure 5 shows the outcome of simulations comparing the intensities of the main ͑S m ͒ and reference ͑S r ͒ experiments as function of time, i.e., ͑T͒ = ͑S r ͑T͒ − S m ͑T͒͒ / S r ͑T͒ as described previously, 27 for L-alanine, L-threonine, and the isoleucine residue 13 in ubiquitin ͑NMR parameters estab- The duration of each of the Gaussian pulses and each of the corresponding free evolution periods is in our setup four rotor periods. The overall duration of the free evolution periods bracketing the refocusing pulse is set to two rotor periods, but this choice is only intended as a guideline. The Gaussian pulses hinder refocusing of specific dipole-dipole interactions.
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Multiple-oscillating-field techniques J. Chem. Phys. 130, 225103 ͑2009͒ lished using SIMMOL with the NMR structure coordinates 42 in PDB-ID: 1D3Z͒ within a grid of Fresnel curves. To match our experimental parameters, we used a rf field strength of 80 kHz for the nonselective refocusing pulse for L-alanine and L-threonine, while we used a rf field strength of 125 kHz for the refocusing pulse in the ubiquitin isoleucine case. Experimentally, the latter implementation gave a better inversion over the full range of the ubiquitin 13 C spectrum. Based on known structures, 43 the internuclear 13 CЈ -13 C ␣ and 13 CЈ -13 C ␤ distances in L-alanine were set to 1.53 and 2.52 Å, respectively, leading to simulations that show an almost perfect match with the ideal Fresnel curves forming the grid in Fig. 5͑a͒ . For L-threonine, we used isotropic chemical shifts from experiments on a uniformly 13 C, 15 N-labeled sample, and we used internuclear distances of 1.53 Å for 13 CЈ -13 C ␣ , 2.49 Å for 13 CЈ -13 C ␤ , and 3.00 Å for 13 CЈ -13 C ␥ . 21, 44 Also in this case, we observe a very good match between the numerically exact simulations and the ideal Fresnel curves, as illustrated in Fig. 5͑b͒ . We note that a singularity-like behavior is observed if the curves are followed in an extended time-period relative to the dephasing time, simply due to the fact that the dephasing observed in the reference experiments may approach zero intensity leading to singularities, as observed for the 13 CЈ -13 C ␣ curve going beyond five consecutive FOLD elements in this setup. We also note that the 13 CЈ -13 C ␤ distance was slightly underestimated to be around 2.4 Å ͓the dashed Fresnel curve in Fig. 5͑b͒ corresponds to 2 .4 Å͔. These observations could be ascribed, at least partly, to the small isotropic chemical shift difference between 13 C ␣ ͑61.3 ppm͒ and 13 C ␤ ͑67.0 ppm͒. For isoleucine in Fig. 5͑c͒ , the internuclear distances were set to 1.52 Å for 13 42 using SIMMOL. 39 Also in this case we observe a good match with the ideal Fresnel curves even in the case of distances approaching 5 Å. We note that the simulations take into account all parts of the 13 C spin systems, all dipolar and J couplings, isotropic as well as anisotropic shielding, and rf inhomogeneity, and in this manner should match the experimental conditions as good as possible.
B. Experimental results
The experimental performance of the FOLD experiments for accurate measurement of 13 C-13 C internuclear distances is illustrated in Fig. 6 for uniformly 13 C, 15 N-labeled samples of L-threonine ͓Fig. 6͑a͔͒ and ubiquitin ͓Fig. 6͑b͔͒.
For our model sample, a powder of U -13 C, 15 N-L-threonine, we observe a very good match between the experimental data points ͑points with different symbols͒ and the exact numerical simulations ͑dashed lines͒ using the same distances as discussed in relation to the numerical simulations in Fig. 5 . In addition, we find a reasonable match to the ideal Fresnel curves, indicating that an accuracy of around Ϯ0.2 Å for the internuclear distances can be obtained by direct visual inspection. By comparing data points for the 13 CЈ -13 C ␣ , 13 CЈ -13 C ␤ , and 13 CЈ -13 C ␥ FOLD curves with the analytical Fresnel curves, we estimate the distances to 1.5, 2.4, and 3.0 Å. These distances should be compared to distances determined by x-ray diffraction: 1.54 Å ͑ 13 CЈ -13 C ␣ ͒, 2.55 Å ͑ 13 CЈ -13 C ␤ ͒, and 3.09 Å ͑ 13 CЈ -13 C ␥ ͒. 44 Relative to our earlier data obtained using the TOFU experiment, 27 we observe a marked improvement in the dipolar scaling enabling more precise determination of internuclear distances and a significantly improved potential for measuring longer 13 C-13 C internuclear distances. We note that as for the simulations in Fig. 5 , it is recommendable only to consider data for the first part of the relevant Fresnel curve as zero crossings for the reference experiment ͑and relatively higher noise contributions in this regime for both the main and the reference experiment͒ may cause singularities and thereby strange data points in a Fresnel-type representation. For illustration, we have included all points, illustrating that although the points take excursions from the Fresnel grid, they are quite well reproduced by the exact numerical simulations.
Turning to an experimentally more challenging case, Fig. 6͑b͒ compares experimental data for U- 13 C, 15 N-ubiquitin with ideal Fresnel curves. The data were obtained from simple one-dimensional ͑1D͒ spectra recorded with different FOLD dephasing times as illustrated in Fig. 7 in terms of data from the main experiment ͓Fig. 7͑a͒; dephasing using experiment in Fig. 3͑a͔͒ and the reference experiment ͓Fig. 7͑b͒; dephasing using experiment in Fig.  3͑b͔͒ . Regions from which data were obtained for different types of spins are indicated in Fig. 7͑a͒ . In all cases but one, the data points represent groups of spins: A group at 54.4-51.7 ppm relative to TMS containing around twenty 13 C ␣ carbons from a great variety of different amino acids, a group at 70.4-66.8 ppm relative to TMS representing six 13 C ␤ from threonine residues, a group at 16.7-14.5 ppm of seven 13 C ␥2 from isoleucine residues together with a single N-labeled ubiquitin using ͑a͒ the main experiment and ͑b͒ the reference experiment with an increasing number of FOLD blocks, N =1,2, . . . ,10 ͑see Fig. 3͒ , with the most intense spectrum in top representing N =1. 13 C ␤ from an alanine residue, a group at 13.8-11.5 ppm of around six 13 C ␦1 from isoleucine residues, and a single 13 C ␦1 from isoleucine residue 23 at 7.0 ppm. Direct inspection of the 1D spectra in Fig. 7 clearly reveals that for the 13 C ␣ -region the dephasing of the main experiment was faster than for the 13 C ␤ -region, which again was faster than for the 13 C ␥/␦ -regions.
Overall, we observe a good distinction between the different groups, and data are in good agreement with distances observed in known structures of ubiquitin, such as the liquidstate NMR structure of Cornilescu et al. 42 Analyzing this structure using SIMMOL, 39 we find the average 13 CЈ -13 C ␥2 distance to be 2.9 Å, while the 13 CЈ -13 C ␦1,group distance fluctuates between 3.6 and 5.0 Å with an average distance of approximately 4.4 Å. The 13 CЈ -13 C ␦1,residue 23 distance is found to be 4.3 Å. These values match quite well with the data points in the Fresnel grid of Fig. 6͑b͒ . Implementing the FOLD experiment in two-dimensional correlation experiments to obtain better resolution is currently under investigation.
V. CONCLUSION
In this paper, we have introduced new variants of multiple-oscillating field techniques for dipolar recoupling without dipolar truncation in homonuclear spin systems. We have theoretically analyzed different variants of triple-and four-field methods and demonstrated the flexibility offered using different rotation axes ͑orthogonal or nonorthogonal͒ as well as introducing additional oscillating fields. We have shown that it is possible to scale the relative contributions of dipolar couplings and chemical shifts to the effective Hamiltonian using nonorthogonal rotation axes, and that an improvement of a factor of 2.5 in the scaling of the residual dipolar coupling may be obtained in various four-oscillating field experiments. By combining FOLD with RADAR, it is possible to measure 13 C-13 C distance up to around 4-5 Å with an estimated accuracy of 0.2 Å using the FOLD approach. We foresee these experiments and refined variants will find important new applications for structure determination of solid proteins with an accuracy not previously demonstrated using nonselective dipolar recoupling techniques. 
͑D5͒
Setting, for instance, C = r / 4 and B =4 r , the offset propagator is cyclic at t =4t r , since ⌰͑4t r ͒ =16.
